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ABSTRACT 

Electrical and structural changes are ~df33 
reported by means of which a Tappan 
R3L electronic oven was modified to 
permit study of behavioral and biolog-
ical responses of small animals to a 
2450 MHz microwave field. Stable, 
electronically controlled levels of mi-
crowave energy ranging from 400 
watts to less than a watt of available 
power were obtained in the oven's 
multi-mode cavity. Evaluative studies 
with phantom loads of water revealed 
that · the gross spatial distribution of 
available power within the cavity is 
essentially uniform with respect to 
thermalized energy captured by a 
single load. Methods of measuring 
and of monitoring available power, 
effects of complex loads, and data on 
the thermal responses of irradiated 
animals are also reported. 

Introduction 

A quarter of a century has passed 
since the late Percy Spencer created 
the multi-mode · cavity for 'closed
space' irradiation of foodstuffs by mi
crowave energy. The subsequent do
mestic popularity attained by the 
closed-space concept 'has had no 
parallel in the radiobiological lab
oratory where open-space techniques 
of irradiation have been used alri1ost 
exclusively since late in the 19th 
Century ( Presman, 1970 ) . The 
closed-space technique was not for
mally proposed as a macrobiological 
research tool until 1960 (Vogelman, 
1961) and during the ensuing decade 
relatively few studies . based upon it 
were published (Justesen, et al., 
1961; Bryan, 1966; Lechowitz et al., 
1969; Justesen and· King, 1970). 
The paucity of experimental use lies 
to some extent in the reluctance of 
investigators to abandon traditional 
methodologies, a reluctance that is 
reinforced by a number of factors. 
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Measurement and specification of in
stantaneous distributions of energy are 
never easy tasks, but in the conven
tional, mechanically stirred multi
mode cavity both exotic instrumenta
tion and an elaborate mathematics 
would be needed to quantify and 
describe the temporally complex na
ture of the distribution of energy. The 
investigator is also faced with an in
herent absence of control over the 
plane of polarization of energy in
cident to a target, near- versus far
field parameters of exposure, and 
proportion of energy of primary in
cidence with respect to energy that 
initially reflects from a target or the 
walls of the cavity before being cap
tured ( secondary incidence) . Each 
of these problems looms large against 
the backdrop of traditional field mea
surements, in which planar energy 
density of a theoretically coherent 
wavefront is used to index exposures. 
Coherency, of course, is precisely 
what is lacking in RF energy within a 
multi-mode cavity. Against a different 
backdrop - a unit mass dosimetry 
predicated upon calorimetry - the 
problems diminish somewhat and 
some advantages are gained. If one 
is less ·concerned, that is, with char
acterization of energy at a target, and 
more with quantifying the energy 
captured by it, questions of the where 
and when of incidence are less dis
quieting than those raised by tradi
tional methods of irradiating biolog
ical specimens. Since we have dis
cussed these questions before ( cf. Jus
tesen and King, 1970, with Vogelman, 
1961 ) we shall only summarize them 
here. 

1. Variation of distance between a 
target and the open-space radiator 
changes the energy density of the field 
at the target. 

2. Variation of orientation of the 
geometrically irregular, biological tar
get with respect to an open-space 

radiator leads to changes of capture
surface and thus in the net amount of 
incident energy. 

3. Immobilization of an animal
target by physical restraint or anes
thesia can control for dosing errors 
introduced by variation of range and 
orientation, but introduces both sys
terr2.ic and functional artifact and 
pro'scribes conventional behavioural 
assays. 

4. Whether immobilization is used 
or not, the amount of captured energy 
may be. considerably less than the sum 
of incident energy because animal tar
gets may scatter energy or be trans
parent to an RF field, depending up
on wavelength of incident energy and 
the physical makeup and geometry of 
the target. 

In sum, there are barriers to scien
tifically rigorous study of micro-wave 
energy as it affects the biological !h:.·· 

get whatever the approach: in the 
open-space situation one can with 
some confidence measure and char
acterize the field, but one isn't certain 
of the amount of energy captured 
from moment-to-moment by a living, 
moving animal; in the closed-space 
situation, capture can be quantified 
calorimetrically but the specification 
of the spatio-temporal character of 
energy in a multi-mode cavity is a 
mensural nightmare. A note of op
timism is sounded, however, by the 
possibility that research which in
tegrates both approaches may draw 
upon the advantages of each while 
overcoming their respective barriers. 
The point is more easily made by an 
hypothetical example. An animal or 
a suitable phantom is observed in 
open-space for, say, gross thermal re
sponse to irradiation at a given power 
density. Then the target is exposed in 
a multi-mode cavity, determinate 
levels of available power being varied 
until an equivalent thermal response 
is obtained. If uniformity of environ-

• r 
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mental parameters affecting the target$ 
: thermal response could be main

tained across exposure treatments, one 
could empirically answer the question 
of relative absorptive efficiency of the 
target in open-space. Conversely, the 
distribution of instantaneous values of 
energy at the target as determined in 
open-space could be characterized 
statistically and used as an empirical 
index of the thermally equivalent 
closed-space exposure. 

The · foregoing example of what we 
call the method of reciprocal charac
terization is only illustrative, as such 
a comparison in isolation would have 
little generality. An immobilized an
imal in the open field would only be 
illuminated by energy across its ex
posed surface ( 180° more or less
see Anne, et al., 1961 ), while in the 
multi-mode cavity microwave energy 
0ft). primary and secondary incidence 
would illuminate the total body
surface of the animal. If the animal 
were living,· convective dispersion of 
thermalized energy via circulating 
blood (Searle et al., 1961) would 
probably produce comparable rises of 
surface temperatures under both ex
posure conditions, given equivalent 
capture of microwave energy. How
ever, if the animal were dead and 
relative wavelength of energy were 
small, greater warming of tissues 
would occur on the exposed surface 
when the animal was irradiated in 
open-space (Mermagen, 1961). It 
should be obvious that a particular 
demonstration of empirical equiv
alence would be sharply conditioned 
by the electrical and spatial character 
o~ impinging energy, the functional 
state of the biological target, the end
point upon which matching was based, 
and the method of measuring or in
dexing the endpoint. A series of in
tegrated studies, which linked re
sponses to exposures in the open field 
to exposures in the multi-mode cavity, 

could result in a set of comparative 
data, an empirically woven map, by 
which the radio-biological investigator 
could more rigorously chart the direc
tion and focus of his research. The 
achieving of such a map would con
stitute, to our way of thinking, the 
second step in a scientific venture to
ward which the first important step 
is yet to be completed. The reference 
is to the present embryonic status of 
closed-space instrumentation as it re
lates to biologically oriented investiga
tions. Before open-space and closed
space approaches can be integrated 
successfully, much effort will have to 
be expended in the development and 
evaluation of closed-space techniques; 
such an effort is reflected in this 
paper. 

Outfitting a Microwave Oven 
for Laboratory Use 

A virtue of the microwave oven in 
the kitchen is its drawback in the 
biological laboratory-levels of energy 
within multi-mode cavities are incom
patible with survival of a small an
imal at all but the briefest of expo
sures. Any domestic microwave oven 
is amenable, however, to provisions 
for reducing microwave power. Other 
invesJigators employing domestic or 
industrial multi-mode cavities have 
solved the problem of excessive cap
ture of energy by collateral heat
sinking-by, e.g., placing loads of 
water into the exposure cavity with a 
target-animal (Bryan, 1966) ; by en
closing a biological target within a 
Marinelli beaker, which effectively 
surrounds the target with a hollow 
sphere of water (Sharp and Paperiel
lo, 1970); or by dissipating thermal
ized energy convectively via a con
tinuous flow of externally cooled, 
radiolucent fluid that circulates 
through the multi-mode cavity (Lech
owitz et al., 1969). Unfortunately, all 
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of these arrangements reduce and en
cumber the working volume of small 
cavities. Since our research is often 
concerned with instrumental and Pav
lovian conditioning of small animals, 
which necessitates installation of con
ditioning chambers within the cavity, 
we sought a direct electrical means of 
reducing and otherwise controJ-ling 
microwave energy. The reduction was 
accomplished in a Tappan R3L mi
crowave oven by increasing the level 
of d-c current which excites the 
focussing coil of the oven's QK-707 
magnetron. An increase of half an 
ampere over the -900 milliamperes 
originally used to excite the coil was 
found to reduce available power from 
approximately 1000 watts to a level 
so small it was calorimetrically inde
terminate. Although the desired range 
of available power was realized, levels 
of energy in the cavity were found to 
be somewhat unstable and, after a 
shift of some magnitude was made in 
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level of focussing current, fluctuations 
'of energy were larger in amplitude, 
only damping with passage of several 
hours. The source of the instability 
was complex, having to do with (a) 
heating and increased resistance of the 
focussing coil over time, particularly 
at high ambient levels of current 
flow; (b) residual magnetic polariza
tion of the pole-pieces of the focussing 
coil when focussing current was 
shifted from a higher to a lower level; 
and ( c) an original negative-feedback 
system (between the sources of cur
rent for the anode and the focussing 
coil of the magnetron) that ·conspired 
to produce a low-frequency oscilla
tion. The solution for the instability 
was manifold but straight-forward: 
first, two venturi-type fans were in
troduced, one to blow air at room 
temperatures against the metal hous
ing of the focussing coil, the other to 
expel the air, both fans having been 
mounted over 20 cm (diam.) holes 

55 Sz 

Fig. 1 Schematic of electrical and electronic components of modified Tappan R3L micro
wave oven. 
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PARTS LIST, MODIFIED TAPPAN 
R3L MICROWAVE OVEN 

Original Parts 

Cl2 500 pf 20kv "doorknob" capacitor M, Cooling-pump motor 
f ' 30 amp fuse M, Cooling-fan motor 

1 

f2 8 amp fuse M4 Timer motor for S2 
FB RF Filter Box RL Indicator Lamp, 1 w at 115 v a-c 

Kl Power Relay s9 Microwave power switch 

K2 Time-delay relay, 75 sec s; Magnetron thermal cut-out 
K· Filament relay s_ Safety (door) interlock switch 

3 " 
Ll Magnetron field coil Tl High voltage transformer 

L., 3 RF Chokes T2 Filament transformer 
M; Stirrer motor V QK 707-A 

TABLE I-B 
PARTS LIST, MODIFIED TAPPAN 

R3L MI CROW A VE OVEN 

Parts Added or Changed 

.47 µ, f 200 v d-c capacitor 
500 µ, f 50 v d-c capacitor, 

electrolytic 
0-10 a-c voltmeter, Simpson 10030 
Houselamp, 15 w 120 v a-c, G.E. 

15W 
l-1.35 d-c ammeter, Simpson 3323 
0-10 d-c milliammeter, Simpson 

6340 
Potter-Brumfield KRP-14-A Relay 
4PDT, Potter-Brumfield GF-17A 

Relay 
2 ea Blower fans, McLean Eng. 

Labs, Model 1 VB80 
2 ea Blower fans, Torrington, 100 

ft 3 /min at 2870 rp!Il, 115 v 
a-c, .74 amp. 

5fl 25 w resistor ± 10% 
4. 7fl 1/2 w resistor ± 10% 
!fl I w resistor ±,5% 
0.lfl 1 w resistor ±,5% 
5Kfl 5 w potentiometer 

in the outer metal jacket ·of the R3L 
unit; second, the original negative
feedback system was eliminated and 
an independent, highly stable source 
of d-c current was introduced to 
excite the focussing coil; and, third, a 
degaussing circuit was incorporated 
that automatically short-circuits the 
positive lead of the focussing coil to 

/ 

Sp 

TG 

995K 25 w resistor 
35fl 25 w resistor ± 10% 
15fl 1/2 W resistor ±10% 
DPST switch, rated at 40 amp 
SP3T wafer switch 
SPST to-ggle switch 
Momentary-Con.tact switch, N.C. 
SPST toggle switch 
Solid-state dimmer, 600 w max 

at 115 v a-c 
· 3 inch 4fl loudspeaker, Viking 

VK-300 
Solid-state programmable switch 

Lehigh Valley Electronics 1841 
300-700 Hz solid-state tone 

generator and amplifier, max. 
1 mw rms output 

Sola 23-25-250 Line Stabilizer 
Trygon RS-160-3 Regulated d-c 

Supply 
Lehigh Valley Electronics 1699 

d-c Supply 

ground potential for a few hundred 
milliseconds whenever the R3L unit is 
switched from 'operate' to 'standby' 
modes. 

Circuitry· and Ope,:ation 
The changes of circuitry, along 

with voltage-stabilization of the source 
of 60 Hz a-c voltage for the anode 
circuit of the magnetron, resulted in 
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stable levels of available microwave 
power. A schematic of the modified 
R3L unit is presented in Figure 1; 
parts added or changed, or remaining 
from the original unit, are listed and 
identified in Table I. 

Several of the circuits depicted in 
t?e schematic are unrelated to genera
tion or control of microwave power 
and are used in behavioral condition
ing. One solid-state switch (SSS ) can 
be gated either manually by a

3 

tape
punch control system to actuate a 
sinewave (200 to 800 Hz) generator
and-amplifier module (TG) that in 
turn drives a Jensen VK-300 loud
speaker (SP) at a maximum rms in
rut power of 1 milliwatt. The speaker 
is mounted over a grille of radiopaque 
holes on the external surface of the 
exposure cavity, and akin to Ivan Pav
lov's bell, delivers an acoustic warn
ing stimulus to an experimental sub
ject within the cavity. Another solid
state switch, SSS2 , operates a relay, 
Ka, that applies line voltage for illu
minating the cavity by each of two 
15-watt, incandescent lamps (HL1 ,?). 
The house lights are mounted ext~r
nally to and just over the centers of 
two grilles of radiopaque holes loc
cated in the overhead and at either 
side of the exposure cavity. Illumina
tion can be controlled manually or 
automatically and is preset at a given 
level through adjustment of a solid
state dimmer (SCR). A third solid
state switch (SSS1 ) does control gen
eration of microwave energy, but de
pends upon the state of several other 
relays and switches. When a-c line
voltage is made available to the R3L 
unit by the main power switch S a 

' 1' 
thermal delay relay, K2, prevents ap-
plication of anode voltage to the mag
netron until 70 to 80 seconds of fila
ment warm-up time have elapsed. 
When K 2 fires, the 'ready' relay, K 3, 

is actuated, making a-c operating volt
ages available to other circuitry, in-

eluding the solenoid of the microwave 
power-control relay, K1 • If a closed 
cir~uit_ exists through a normally-open 
sw1tchmg segment of K,, the mag
netron's thermal cut-out switch (SJ, 
a manual power switch (S?) and the . - ' cavity-door safety-interlock (S ) then 

• 1 ' 
actuation of SSS1 will lead to applica-
tion of 5 kv rms across the anode and 
cathode of the magnetron (V) and to 
generation of microwave energy. The 
tape-punch system can be used to gate 
any one or more of the solid-state 
switc?e~, SSS1, SSS2 , or SSS3 , thereby 
perm1ttmg automatic switching of mi
crowave energy, cavity illumination 
or auditory signals at pre-programmed 
durations and duty-cycles. 

The focussing coil is excited by a 
Trygon current-stabilized d-c supply 
(VR2) with course a:µd vernier adjust
ments over the 1 to 1.35 range of 
amperage that results in RF outputs 
from --400 watts to less than 500 
milliwatts. The Trygon d-c supply can 
be programmed remotely to increase 
or decrease its output, a provision that 
is useful in experiments where auto
matic determination of power thresh
olds or titration of power levels 
against some variable is desired. 
Focussing current not only controls 
available RF power but is used to in
dex it: a segmental, electronically 
suppressed ammeter (I1 ) is in series 
with the d-c source and the focussing 
coil. The meter is of the taut-band 
design (tracking error <6. ~%) and 
has a mirror backed scale to reduce 
parallactic error. Monitoring of rms 
values of anode voltage and of anode 
current to the magnetron is accom
plished with other panel meters (E, 
and 12); all meters are mounted on 
the original control panel of the R3L 
unit as shown in Figure 2.1 

1 The meters were originally mounted remotely 
on . a. rack_ with several power supplies, but 
vanallons m temperature at the rack were 
found to affect tracking accuracy. The meters 
were relocated on the control panel of the 
R~L unit where their movements are main
tamed at a nearly constant temperature. 
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Fig. 2 Photograph of Tappan R3L microwave oven. The large white blocks are foamed 

polystyrene vessels used to contain phantom loads of water. The meters on the control 

panel permit monitoring of (from reader's left to right) focusing current, magnetron anode 

current, and magnetron anode voltage. 

Relays Kn and K7' in conjunction 
with capacitor C5 and resistor R 0 , 

form a one-shot pulsing circuit that 
controls the automatic degaussing 
function. The degaussing circuit can 
also be manually triggered (but only 
when the R3L is in 'standby' mode) 
by depression of a momeritary-con
tact switch, S7 • A load resistor (R8 ) 

in series with the focussing coil is 
normally shorted by a switching seg
ment of relay K7 , but during the in
terval of degaussing the load resistor 
comes into play and limits the surge 
of current through R1 and the solenoid 
of K 3 ; R 1 and K 3 provide for a pro
tective interruption of anode voltage 
to the magnetron in the event that 

current to the focussing coil is exces
sively reduced. 

The parts list of Table I contains 
several items not mentioned in the 
foregoing. Among them are motor 
driven fans (M3 and M 6 ); M 3 is 
located beneath the cavity and is used 
to dissipate heat from the radiator of 
the magnetron's liquid cooling sys
tem; Mr; collectively designates' two 
squirrel-cage fans, one located re
motely within an air-conditioning 
duct, the other atop the R3L's jacket, 
a six-foot length of flexible plastic 
conduit ( 60 mm diam.) forming a 
channel between the two fans. The 
squirrel-cage fans provide a contin
uous flow of temperature-stabilized 

I 
\ 
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air (24 ± 2°C) directly into the ex
posure cavity of the R3L. The fan 
a~op th_e R3L is mounted upon a 
b1furcatmg duct that leads to a radi-

- opaque grille of holes on either side 
of the overhead of the exposure cav
ity. Air is exhausted through another 
(310 by 155 mm) grille of radi
opaque holes that serves as the view
ing window in the door of the expo
sure cavity. The squirrel-cage fans 
( and the two venturi fans described 
earlier and collectively designated 
MJ have a purpose beyond mainten
ance of stable operating temperatures: 
they serve collectively as a source of 
sound and vibratory masking with re
spect to noise generated by relays 
K4,5,G,,· Since the houselights as well 
as irradiation are frequently pro
grammed as warning stimuli in con
ditioning experiments, audible or pal
pabl~ stimuli incident to closing and 
?penmg of control relays could spur-
10usly cue an experimental animal. To 
pro~ide further control over. spurious 
cuemg, relays K,, 5 , 6 , 7 are all shock
mounted, K. and K, being completely 
enclosed in sound- and vibration
damping materials. 

Other items to be identified are: 
M2, a pµmp that circulates liquid 
coolant through the metal jacket of 
the magnetron; M 4 , a timing motor 
that can be manually keyed (by S6 ) 

. to control duration of closure of the 
1:1icrowave operate switch (S 2 ); and, 
fmally, Mp a motor-driven modal 
stirrer which rotates at 3 Hz. The 
four blades of the stirrer pass across 
the opening of waveguide near the 
top of the multi-mode cavity. The 
stirrer is normally in continuous 
operation but can be turned off by a 
toggle switch (S8 ) mounted on the 
control panel. 

Other modifications have been 
made in the R3L unit. These relate 
to fabrication and operation of con
ditioning chambers and apparatus 

used in behavioural investigations and 
have been described elsewhere (Jus
tesen and King, 1970_ ; King et al., 
1970, King et al., 1971; and Justesen 
et al., 1971). 

Evaluation 

Development of Calibrating Phantoms 
On a priori grounds, the mature 

laboratory rat should be an elec
trically salient target, being largely 
composed of water and possessing 
physical dimensions that render it 
'well-tuned' to the 2450 MHz micro
waves generated by the R3L's mag
netron. To establish the levels of 
powe_r to which we would be exposing 
r?ts m the multi-mode cavity, we de
signed four different vessels to con
tain phantom loads; all the vessels are 
thick-walled containers of foamed 
polystyrene ('polyfoam'). Polyfoam 
was chosen for its excellent thermal 
insulating properties, low dielectric 
loss, and a dielectric constant at mi
crowave frequencies that is so close 
to that of air that absorption or re
fraction of microwave energy by the 
materials of the phantom vessel are 
minimized. The respective maximum 
volumes of the vessels are 150, 300, 
500 and 1500 ml (the 150-ml size 
is shown in Figure 2)2. We deter
mined optimal volumes of water with 
respect to maximal absorption of mi
crowave energy in a study in which 
all four sizes of the phantom vessels 
were used. Quantities of distilled 
water ranging in volume from 1 O to 
1200 ml were individually irradiated 
while a fixed level of focussing current 
was supplied to the magnetron. Water 
at the isotherm of the cavity was 
poured into a polyethylene container 
which was then inserted into one of 
the polyfoam vessels. The water was 

2 The polyfoam vessels and stoppers were manu
factured by Contour Packaging, Inc., 8930 
Roseh1ll Road, Shawnee Mission, Kansas 66215. 
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stirred before reading pre- and post
irradiation temperatures with United 
Systems 1500 series electronic ther
mometers/ The fans which blow air 
into the cavity were shut off during 
the study. Thermalized power in watts 
was then cal~ulated by the formula: 

Tt:. V 
w =~ 

where Tt:. is increment of tempera
ture, V is volume of water in ml ( or 
weight in g), k is Joule's conversion 
factor = 0.239 (when water is be
tween 10 and 75°C), and t is dura
tion of irradiation in seconds ( see 
Justesen and King, 1970). Maximum 
absorption, as seen in Figure 3, oc
curred with a load-volume of 300 
ml. Repetitions of the experiment 

20 
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cylinder 115 mm long and averaging 
65 mm in diameter (±10 mm).4 To 
determine amount of heat-loss by the 
phantom load, a thermistor bead and 
its leads were pulled through a small 
hole in a tight-fitting polyfoam stop
per and adjusted in length to place the 
bead in the geometric center of the 
300 ml vessel. Distilled water was 
then heated to 41 °C ;md poured into 
the vessel. After the stopper-arid-bead 
were inserted, the vessel was placed 
in the multi-mode cavity; the tem
perature of the heated water and the 
ambient temperature of the oven were 
then simultaneously and continuously 
measured by a Gulton Model 300 
chart recorder for 32 hours. During 
the measurements, microwave power 
and cavity-cooling fans were turned 

a. 10 
0 
w 
~ 

0 AMBIENT T = 24±1°C 
FIELD CURRENT-::- 1.15A 

ANODE VOLTAGE= 5kv 

Fig. 3 Amount of 
microwave energy 
absorbed and 
thermalized by phantom 
loads of distilled water 
as a function of volume· 
(10 to 1200 ml). Field 
current ( d-c level 
exciting focusing coil of 
the microwave 
generating magnetron) 
was maintained at 

..J 

"' " 5 
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16 32 64 128 256 512 1024 

VOLUME OF PHANTOM LOAD OF DISTILLED WATER IN MILLILITERS 1.15 ±,005 amperes. 

have consistently led to the same out
come-300 ± 50 ml volumes are 
associated with a maximum yield of 
thermalized energy-a datum that led 
us to adopt the 300 ml phantom· as a 
standard for estimating maximum 
available power. The polyfoam vessel 
which is used to contain the 300 ml 
phantom load is tightly fitted with a 
removable, water-tight inner-vessel, 
also of polyfoam, whose internal 
dimensions are those of a truncated 

3 We have also used expanded-scale spirit ther
mometers, but their relatively large mass ne
cessitates correction for heat loss when tem
peratures of small quantities of water are 
measured. 

off and the door of the cavity was 
closed. Ambient temperature in the 
cavity was measured by a United Sys
tems Corp. Model 405 thermistor 
bead located on the inside surface of 
the cavity' door within a perforated 
radiopaque shield which is formed 
from the metallic shell of a 6H6 elec
tron tube. The results are plotted in 
Figure 4 and reveal low -rates of heat 

4 Twelve-ounce containers of polyfoam, widely 
·available as coffee cups, are trimmed with a 
scalpel, then compression-fitted into the larger 
polyfoam vessel. The trimmed lip of the ,cup 
serves as a set for a polyfoain stopper. When 
chemically reactive loads (e.g. dioxane) are 
used, the polyfoam cups are removed and 
replaced by a thin-walled bottle or flask of 
non-reactive plastic. 
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Fig. 4 Heat-loss curve of 300 ml phan

tom load of distilled water with respect to 
ambient temperature of exposure cavity 
across an interval of 16 hours. The two 
curves are taken point-for-point, from a 

continuously recorded chart. At 32 hours 
(not shown) the temperature of the phan
tom load was still more than 1 ° C above 
the ambient temperature. 

loss, particularly as the temperature 
of the phantom load fell within 2 °C 
of the ambient temperature. In con
sequence of these findings our calori
metric measurements of available 
power are usually timed so that T .D 
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does not exceed 2 °C. Since exposure 
periods during calibration usually en
dure 1 to 5 and rarely exceed 10 
minutes, the relative degree of error 
introduced by heat loss is minuscule 
at levels of available power exceeding 
1 watt. 

Another series of experiments with 
the 300 ml phantom load permitted 
us to plot the relation between the 
level of current exciting the focussing 
coil (Ir) and the amount of available 
microwave energy within the multi
mode cavity (W 0). The resulting plot, 
which is based upon the mean of 
three independent measurements of 
temperature at each of 16 levels of 
fo~ussing-current, is presented in Fig. 
5. The l 1W0 power curve is essentially 
linear until focusing current is in
creased from one to approximately 
1.14 amperes, then a sharp knee de
velops. The power curve in the region 
about the knee is amplified in the in
sets of Fig. 5 to demonstrate the 
goodness of progressive fit-at only 
one level of current, 1.20 amperes, 

1.24 

DC FOCUSSING CURRENT ( I 1l IN AMPERES 

Fig. 5 Power-curve 
reflecting relationship 
between level of 
focusing current and 
available (thermalized) 
power captured by a 300 
ml phantom load of 
distilled water. Insets 
amplify portions of 
curve at the knee. 
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was the obtained value of available 
power noticeably deviant, being mea
sured at 5.85 watts and 'predicted' at 
5 .5 watts ( an error of less than 7 % ) .-· 
The generally excellent fit between 
values of focusing current and of avail
able power is the basis whereby con
tinuous monitoring of the latter, dur
ing periods of irradiation, is accom
plished by observation of the former 
via the panel meter I 1 • In later 
paragraphs we shall present data in
dicating that available power is altered 
by certain cavity-loading factors that 
may vary from one experiment to an
other. To maintain adequate control 
over these factors as well as the op
erational state of the magnetron and 
its associated circuitry, calibration of 
meter I 1 via calorimetry is alwa~s 
carried out before and after expen
mental exposures of animals. · 

The power curve presented in Fig. 
5 is based upon exposures of the 300 
ml phantom load in the R3L's stain
less steel exposure cavity, which was 
empty of other objects5 except for, a 
perforated polypropylene mat (7 mm 
thick and fabricated from the bases 
of four Curtin 325-001 test-tube sup
ports) that usually is placed upon and 
covers the lower horizontal surface of 
the exposure cavity. The mat was 
used because it would also serve in 
later studies with rats whom we wish
ed to insulate thermally from the rel
atively cool (24 ± 2°C) stainless
steel deck of the cavity. 

Gross spatial distribution of 
captured microwave energy 

In the preceding experiments, a 
single phantom load has always been 
placed at the center of the horizontal 
plane of the exposure cavity and at 
an elevation and orientation that ap
proximate the 'working' posture as
sumed by a rat subject during experi-

5 The Calrod heating element, plastic tray, and 
glass overhead originally supplied with the R3L 
unit were all permanently removed from the 
exposure cavity. 

ments on behavioral conditioning. We 
next conducted a s~ries of ten experi
ments in which the possibility of gross 
discontinuities of captured energy at 
this elevation (from, e.g., concentra
tions of power produced by moding) 
could be assessed. Also to be assessed 
were the influences on gross distri
bution of energy by the ( operative 
versus inoperative) modal stirrer and 
by the presence ( versu~ absence) in 
the cavity of apparatus used in condi
tioning studies. One or more phan
tom loads, each usually consisting of 
150 ml of water, were prepared from 
a common source of distilled water, 
the temperature of which was 1 to 
2 °C below the ambient temperature 
in the cavity. The loads were then 
arrayed either singly or simultaneous
ly along the horizontal base of the 
cavity, which measures 45 cm wide 
and 35 cm deep, at loci which formed 
geometrically regular rows and col
umns with respect to separation of 
loci from each other and from the 
vertical walls of the cavity. For 
example, in one experiment nine 150 
ml loads were simultaneously placed 
in the cavity in an array of three 
rows and three columns; in another 
experiment, the 3 by 3 array of loci 
was used, but single 150 ml loads 
were sequentially irradiated until cap
ture of . energy had been measured at 
all nine loci. Measurements of maxi
mum available power were usually 
made before and after each experi
ment by a single 300 ml load which 
was located at the center of the hori
zontal plane of the. cavity. The con
ditions and results of the ten experi
ments are summarized in Table II. 
The first experiment involved a suc
cession of three, 5 min. exposures of 
nine 150 ml loads in a 3 by 3 array 
to 8 watts maximum avail9ble power, 
with measurements of temperature in
tervening. As seen in Table II, the 
average absolu~e deviations of T 6 
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TABLE II 
SUMMARY OF CONDITIONS AND FINDINGS FROM 10 EXPERIMENTS 

t s 

J st 8 

~a 
.... C: o·~ 
,'tl _,, 

Oo >...i 

3 300 9 150 

... 
-~ 
Cll 

3 Rows 

C: 
0 -~ 
·,: 

2l 

3 Columns ON NO 0.41 1:1 % 12.0% 

2 Rows 
2nd 6 3 300 4 150 2 Columns ON NO 0.73 1.2% 2.3% 

3 Rows 
3rd 22 27 60 1 150 3 Columns ON NO 2.07 4.4% 7.2% 

2 Rows 
4th 80 3 60 6 150 3 Columns ON NO 1.27 5.0% 15.1 % 

2 Rows 
5th 80 3 60 6 150 3 Columns OFF NO 1.05 32.6% 65.9% 

2 Rows 
6th 80 3 60 6 150 3 Columns ON YESa 1.12 17.9% 36.5% 

2 Rows 
7th 80 3 60 6 150 3 Columns OFF YESa 0.93 31.8% 65.8% 

2 Rows 
8th 5.0 12 60 1 150 3 Columns ON YESa 0.40 5.0% 10.0% 

2-Rows 
9th 5.0 12 60 1 150 3 Columns OFF YESa 0.35 5.7% 10.6% 

1 Row 
10th _c 5 150 2 300 2 Columns ON YESb 0.99 5.0% 6.0% 

a Plexiglass operant conditioning in cavity 
b "Tee" partition of Plexiglass in cavity 
c Not measured 

among phantom loads was 7 .1 % , the 
maximum · deviation, 12 % . The vari
ability in capture of energy raised the 
question of electrical shadowing: were 
some of the loads capturing more en
ergy simply because they were at loci 
with greater primary incidence of 
energy? or were they situated in mi
crowave 'hot spots'? To shed light 
upon these possible sources of vari
ability, we performed the second ex
periment with only four 150 ml loads, 
locating them at the four loci corre-

sponding to the corners of the 3 by 3 
array. Capture of energy varied little 
with respect to spatial location (maxi
mum of 2.3 % ) , suggesting that elec
trical shadowing does occur when a 
relatively large number of phantom 
loads is simultan~ously irradiated. A 
more rigorous test of this possibility 
was conducted in the third experi
ment. A total of nine different 150 ml 
loads WC-Is irradiated. Each load was 
individually placed in the exposure 
cavity and sequentially located at 
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three of the nine loci through a suc
cession of 60 sec exposures to 22 
watts of maximum available power. 
By this arrangement capture of energy 
was independently measured at each 
of the nine loci. The data are fully 
consonant with the interpretation that 
gross distribution of energy, with re
spect to capture by a single load, is 
essentially uniform (i.e., < 10% vari
ability) across the lower horizontal 
expanse of the multi-mode cavity.'; 

Distribution of energy within a con
ditioning chamber. During most of 
our behavioral experiments, one of 
several conditioning chambers or par
titions is installed in the cavity. Al
though these apparatus are fabricated 
from radiolucent materials, chiefly 
Plexiglas sheet ( cf. King et al., 1970 
with Justesen· et al., 1971) scattering 
of energy will take place in the cavity 
because of differing dielectric con
stants of air and chamber materials; 
the gross distribution as well as sum 
of energy within the exposure cavity 
might be changed as• a result. We 
examined for these possibilities in an
other series of studies that also tested 
for the qiffusing action of the me
chanical stirrer. 

When one of the conditioning 
chambers is placed into the exposure 
cavity, the rat subject is surrounded 
by 1 cm thick Plexiglas sheet (ex
cept for the inside of the oven door 
which serves as the front wall of the 
conditioning cham_bers and upon 
which is mounted a detachable 
response-detector and sugar-water-

6 The possibility of 'microthermal' discontinuities 
is not, of course, contained by data based 
upon 150- and 300-ml loads. Other rnves_t1ga
tions which bear upon the possibility of_ m1cro
thermalization are being conducted m our 
laboratories by Dr. Robert Garri_son and Mr. 
Scott Ritchey. They are examining growth 
curves of a thermophilic bacterium, stearother
mophilus, under con~itions of microwave- and 
conventionally-thermahzed, sub- through_ supra
optimal temperatures of growth media. Al
though their investigations are incomplete, an 
abundance of data has yielded no evidence of 
microthermal 'hotspots'-growth · rates of the 
bacterium once log phases are entered, . are 
virtually 'identical at given te~p~ratures irre
spective of means of -thermahzat10n. 

delivery ensemble-see King et al., 
1970). The smaller exposure volume 
afforded by the interior of the cham
bers does not permit installation of 
.nine 150 ml phantom loads, but does 
accommodate six. We conducted the 
fourth through seventh experiments 
with six 150 ml loads in arrays of two 
rows and three columns, both with 
and without a conditioning chamber 
in the cavity, and with and without 
activation of the modal stirrer. Place-· 
ment of the phantom loads c_orre
sponded closely to the 3 by 3 array 
studied earlier, with the rear row of 
loads removed. 

After simultaneously exposing the 
six phantom loads a total of three 
times to 80 watts of maximum avail
able power ( fourth experiment), we 
changed water and repeated the series, 
but with the motor of the modal 
stirrer shut off (fifth experiment). 
The blades of the stirrer were manu
ally positioned to provide minimal 
occlusion of the opening of the wave
guide. Distribution of thermalized en
ergy was fairly uniform with a func
tioning stirrer-especially when the 
likelihood of shadowing is considered 
-but became highly uneven wheri the 
stirrer was turned off. The condition
ing chamber was then installed and 
the conditions of the fourth and fifth 
experiments were repeated. Consider- • 
able variation of captured energy oc
curred even with the stirrer in opera
tion ( sixth experiment), the disparity 
becoming still greater when the stirrer 
was not operating (seventh experi
ment). During the eighth and ninth 
experiments, the former with the 
stirrer operative, the latter with it in
operative, single phantom loads of 
150 ml were placed at each of the six 
loci and exp_osed twice to five watts 
of maximum available power. - We 
found that relatively little variation in 
the capture of energy was observed 
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across loci whether the stirrer was 
operating or not. The finding of fairly 
uniform capture of energy without 
stirring action has particular interest 
for us because high but spatially vari
able instantaneous peak energies are 
present in the cavity when the me
.chanical stirrer is operating (see Jus
tesen and King, 1970, p. 157). The 
modulation introduced by the stirre"r 
may play a role in the apparent per
ception of microwave energy recently 
observed in our rats in the exposure 
cavity (King et al., 1971; cf. with 
Frey, 1962). If the stirrer can be in
activated without endangering irradi
ated rats with electrical 'hot spots', 
we can bring the question of modu
latory influences introduced by the 
stirrer under experimental scrutiny. 

The tenth and final experiment on 
phantom loads of water was perform
ed with a 1 cm thick partition of 
Plexiglas sheet in the horizontal 
center ( and dividing the left from the 
right side) of the cavity. We wished 
to learn whether two immobile loads, 
one located on each side of the par
tition, would disproportionately cap
ture microwave energy. Each load 
was a calibrating vessel of polyfoam 
filled with 300 ml of distilled water. 
A series of five, equally-timed expo
sures to a fixed level of available 
power resulted in data which indi
cate, contrary to the high variability 
of captured energy observed among 
multiple loads in a Plexiglas condi
tioning chamber, that the partition 
has but minor influence over the di
vision of captured energy. 

Factors Affecting Attenuation 
of Power 

Scrutiny of the data of Table II 
reveals that absence of modal stirring 
and presence of a Plexiglas condition
ing chamber were both associated 

with a net decrease in capture of en
ergy by loads exposed to the same 
level of maximum available power. 
Maximum available power during ex
periments 4 through 7 was measured 
at 80 watts, which was close to the 
power captured by six 150 ml loads 
when the stirrer was operating and 
the Plexiglas conditioning chamber 
was not installed in the cavity (fourth 
experiment). When the stirrer was 
shut off during the fifth ~xperiment 
the total of captured power fell to 65 
watts. Captured power when the 
Plexiglas chamber was in the cavity 
and the stirrer was operating (sixth 
experiment) was measured at 70 
watts; and when the stirrer was turned 
off during the seventh experiment, 
wattage of captured power fell to 58. 
The ratio of power reduction associ
ated with cessation of stirring action 
is virtually the same with and without 
the chamber (i.e., 80: 65 ~ · 
70: 5 8), indicating that the absence of 
stirring and the presence of the Plexi
glas chamber independently and uni
formly decreased the amount of avail
able power. The discrepancy between 
maximum available power (i.e., pow
er captured by a 300 ml load in an 
otherwise empty cavity) and the 
amount captured under complex load
ing conditions indicates that available 
power should always be measured, 
whenever possible, within the specific 
topography of the experiment. If, say, 
a rat in a plastic cage is to be placed 
in the exposure cavity, the phantom 
load by which available power is de
termined should also be placed in the 
plastic cage during calorimetric mea
sures. 

Dosimetry 
For purposes of microwave dosim

etry, the phantom load of water is 
not a surrogate of the experimental 
animal, but a means of determining 
how much energy is available in the 
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exposure cavity. Once available en
ergy has beeri measured, dosing can 
be specified. We have made our case 
for a unit-mass microwave dosimetry 
elsewhere ( Justesen and King, 1970) 
and shall but briefly address it here. 
When available power has been de
termined with a phantom load in situ, 
the obtained wattage-value is divided 
by the . weight in grams of a to-be
irradiated animal. The resulting dose 
is expressed in terms of watts ( or mil
liwatts) per gram. One does not as
sume that a 300 g rat, say, would 
generate the same T t:,. as a 300 ml 
phantom load of water is exposed 
under a common set of environmental 
parameters to a given microwave 
field; matters of dosing and of a bio
logical preparation's thermal response 
are operationally distinct. The latter 
is a highly complex variable that is 
dependent upon passive heat-loss fac
tors ( ambiences of temperature, hu
midity, and air movement), active 
heat-loss factors ( circulation, respira
tion, evaporative cooling) and the 
electrical and thermal· properties of 
the animal, primarily the net dielec
tric character and the heat capacity 
of its tissues. What we do assume is 
that the available power measured 
by the 300 ml phantom load approxi
mates the upper limiting value of the 
microwave energy absorbed by an ir
radiated animal in a multi-mode cav
ity. Extensive and continuing studies 
in our laboratories have convinced us 
that individu~lly exposed, adult rats 
absorb virtually all of the available 
energy in the R3L's cavity. We have 
formulated phantom 1 o a d s from 
physiological saline and mixtures of 
dioxane in Ringer's solution ranging 
in concentration from O to 50% in an 
effort to simulate the net electrical 
target presented by a 300 gram rat to 
2450 MHz microwaves. The amounts 
of energy captured by each of these 
loads are close-within the 10% 

range of measuremental error-to the 
amounts captured by the standard 
phantom load of distilled water, given 
a load-volume of 300 ml and correct
ing for variations of ,specific heat. 

Thermal Response of Rats 

Spirit thermometers are compatible 
with microwave fields, but measure
ment of temperatures by them is an 
onerous task, particularly when con
tinuous measurements in animals for 
long periods of time are required. 
Chronically implanted thermistors per
mit automatic recording, but must be 
used with caution in microwave fields, 
not only because damage might occur 
to thermistors and their bridge-and
amplifying circuitry, or to an animal 
whose implanted thermistor may heat 
and make lesions in surrounding tis
sue, but also because of distortions 
that are introduced by demodulation 
and coupling ('cross-talk'). The senior 
author and .a colleague, Dr. Donnell 
Creel, recently conducted a pilot study 
that involved implantation of a ther
mistor in the brain of a guinea pig. 
Upon its recovery from surgey, the 
animal was acutely fitted with a rec
tal thermistor deep · into the bowel, 
both brain- and bowel-temperatures 
then being recorded while the guinea 
pig was irradiated. Even at a level of 
dosing requiring less than five watts 
of available power there was over
whelming interference picked up by 
the leads of the thermistor in the ani
mal's brain. While the recording from 
the rectal thermistor was .somewhat 
distorted, it was useable and, by 
periodically turning off microwave 
power for 20-30 sec., we could mea
sure the extent of distortion and thus 
correct for cross-talk. Useable read
ings during irradiation could not often 
be gotten from the thermistor in the 
brain; only when levels of available 
power were so low as often to be. 
lacking in experimental utility could 
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we obtain a readable record of the 
brain's temperature during irradiation. 
The pilot work did have some utility: 
we exposed the animal for 5 to 10 
minutes to a moderately thermalizing 
dose of microwave energy, 35 mw/g 
raising its rectal temperature to 42 °; 
then we turned off microwave power 
and observed temperatures of brain 
and of bowel. Readings of tempera
tures were very close. Subsequently, 
the animal was killed with an over
dose of pentobarbitol and examined 
again, at hourly intervals, for tem
peratures of brain and bowel follow
ing short periods of irradiation. It 
'was found that raising the rectal tem
perature to 40° (after brain and rec
tal thermistor probes gave compara
ble readings prior to irradiation) was 

RAT NO. I, 280g AWAKE, FREELY MOVING I 

RAT NO. 2, 270g AWAKE, FREELY MOVING I 

RAT NO. I, DEEPLY ANESTHETIZED, INSULATED I 

RAT NO. 2, DEEPLY ANESTHETIZED, INSULATED I 

RAT NO I, DEAD, INSULATED I 

RAT NO 2, DEAD, INSULATED I 

CALIBRATING PHANTOM NO. I, 280 ml H20 I 

CALIBRATING PHANTOM NO. 2, 270 ml H20 I 

0 25 050 0.75 I 00 1.25 1.50 1.75 200 

TEMPERATURE RISE IN °C AT 15 W x 150 SECONDS 

Fig. 6 Deep rectal temperature incre
ments in two rats following individual ex
posure to 15 w available power for 150 
sec while awake, anesthetized (375 mg/kg, 
5% chloral hydrate), and dead. The ani
mals were insulated during irradiation, 
where indicated, by being placed in a stop
pered polyfoam vessel. Temperature incre
ments of gram-equivalent phantom loads 
of water in the same type of polyfoam 
vessel are also shown. Pre-irradiation tem
peratures always fell within a range be
tween 35 and 38° C, and all measurements 
were made via a flexible thermistor probe. 

associated with brain temperatures at 
least 3 to 5 ° C higher. These data 
comport with the findings of Searle 
et al., (1961) that blood flow in the 
living animal is a potent equalizer 
of microwave-induced thermalization; 
they also support the contention of 
Pozos et al. ( 1970) that incident mi
crowave energy at 2450 MHz is large
ly captured within the first centimeter 
of peripheral tissue-the rectal ther
mistor was at least 2 cm from the 
guinea pig's exterior surface; the brain 
thermistor, located slightly lateral to 
midline and under the meninges, was 
less than half a centimeter removed 
from the peripheral aspect of the 
skull. 

Figures 6 and 7 provide informa
tion on the repeatability of fixed-dose 
irradiation of the same animal-re
liability is obviously high-and also 
indicate that while animals of com
parable weight have comparable ther
mal responses, individual differences 
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AWAKE, FREELY MOVING, 1st EXPOSURE I 
AWAKE, FREELY MOVING, 2nd EXPOSURE I 
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LIGHTLY ANESTHETIZED, INSULATED, 2nd EXPOSURE I 
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DEAD, INSULATED, znd EXPOSURE I 

AWAKE, FREELY MOVING, 1st EXPOSURE I 
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DEAD, INSULATED, 2nd EXPOSURE I 
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CALIBRATING PHANTOM NO. 2, 260 ml I 
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TEMPERATURE RISE IN °C AT 16 25 W x 150 SECONDS 

Fig. 7 Deep rectal temperature incre
ments in two rats individually exposed to 
16.25 w of available power for 150 seconds 
while awake, anesthetized (250 mg/kg, 5% 
chloral hydrate), or dead. (See explana
tion of treatments in caption of Fig. 6.) 
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are - present. Anesthetization with 
chloral hydrate and its dosing level 
also modify the thermal response to 
irradiation.' 

A final parametric study of 72 
adult albino rats is next summarized. 
The animals were assigned to one of 
four conditions formed by the fac
torial combination of irradiation ver
sus sham-irradiation and restraint 
versus freedom of movement within 
the exposure cavity. Squads of four 
female rats, matched for weight, were 
simultaneously exposed to four hours 
of alternating (5 min. on, 5 min. off) 
irradiation at a fixed dose per group 
averaging 10.5 mw/g per animal. 
During a 4-hour irradiation or sham
irradiation session, sets of two ani
mals were restrained side-by-side 
while two were permitted to roam 
the other side of. the cavity, which had 
been partitioned by the Plexiglas 
sheet. At the end of the first two 
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hours, the position of the restrained 
rats were reversed. Across experimen
tal sessions, the side of placement 
was randomized for restrained and 
freely moving animals. 

Restraint was accomplished by a 
Maryland Plastic Co. Plexiglas holder 
(Model E-0190) in which 50, 1 to 
2 cm (diam.) holes had been drilled 
to permit the cool air (24 ± 2°C) 
-circulating through the cavity to con
tact the animal. Temperatures of re
strained animals were measured 
throughout the four-hour session by 
a flexible thermistor probe that was 
inserted rectally to a minimum depth 
of 7 cm. Unrestrained rats were 
checked with a similar probe before 
and after the four-hour session; at 
approximately one-hour intervals dur
ing the session they were individually 
removed from the cavity for measure
ment of temperature. Figure 8 pre
sents mean temperatures measured -30 
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Fig, 8 Mean deep-rectal thermal responses of 69 rats under conditions as indicated. 
Microwave irradiation was dosed at 10,5 ( ± 0. 7 5) mw / g and alternated, on and off at 
5 min. intervals for four hours. 
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sec after termination of a cycle of ir
radiation at representative intervals in 
21 restrained-and-irradiated animals 
(3 of an original 24 died during ir
radiation), 24 irradiated, freely-mov
ing rats, 12 restrained but sham
irradiated rats, and 12 sham irradiated 
and freely-moving animals. The data 
have three implications: first, restraint 
and irradiation strongly synergize the 
elevating temperature; second, even 
over a four-hour interval of intermit
tent irradiation there was remarkable 
stability in the mean of near-peak 
elevations of temperature of experi
mental animals; and third, there were 
marked individual differences in the 
thermal response of restrained ani
mals-each of the three rats that ex
pired (presumably from hyperthermia · 
since their rectal temperatures ex
exceeded 43.5°C) did so while a 
simultaneously treated, companion-
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in-restraint survived the four hours 
of intermittent irradiation. 7 

Figure 9 presents more detailed 
temperature data from four of the 
irradiated animals ( two restrained, 
two freely moving), individual rectal 
temperatures being shown for all peri
ods of measurement (30 seconds be
fore and 30 seconds after, respective
ly, commencement and termination of 
each five-minute interval of irradia
tion) . The data reflect, both for re-

7 The deaths of the three restrained rats, which 
were kept in the exposure cavity for four hours 
irrespective of time of demise, were instruc
tive with respect to another quest10n: were 
the Plexiglas restrainers trapping microwave 
energy and thereby producing a dispropor
tionate input of thermalizing energy in the 
restrained rats? The answer is in the negative. 
When death occurred ( as indexed by cessation 
of movements associated with struggling and 
with pulmonary respiratory activity), rectal 
temperatures immediately fell - even during 
periods of irradiation - and continued to 
fall until they reached an oscillating steady
state between 31 and 36 o C. This range of 
temperatures coincides with those measured in 
pilot studies of other dead animals which were 
not restrained but were comparably dosed with 
microwave energy. 
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Fig. 9 Temperature data reflecting individual thermal responses of four irradiated rats 
(two restrai_ned, two freely moving) during four hours of intermittent irradiation at 10.5 
(±0.75) mw/g. 
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strained and for unrestrained animals, 
the two most deviant rats with .respect 
to ·temperatures at conclusion of the 
last exposure. The typical thermal re
sponse of restrained rats more nearly 
approximated that of · Rat No. 24. 
Most animals showed a strong ten
dency to reach a steady-state of near
peak temperatures within 30 to 60 
minutes from commencement of ir
radiation. When placement of two re
strained animals was reversed half 
way through each session, it was 
found that the animal moved inboard 
tended to exhibit a slight increase of 
temperature; the animal moved out
board, a slight decline. Calorimetric 
measures of available power at the 
corresponding loci of the cavity re
vealed that the loss was associated 
with convective transfer of heat to a 
cooler wall of the cavity and not to 
disproportionate levels of microwave 
energy, i.e., thermally insulated phan
tom loads showed equivalent T 6 s; 
~on-insulated ' loads, smaller T 6 s 
when placed outboard in closer prox
imity to a wall. The wider swings of 
temperature, as seen in the data of 
Rat No'. 69 only occurred when an 
animal was observably struggling in 
its restraint apparatus. Data presented 
in Fig. 9 indicate that mere restraint 
led to elevation of rectal temperature: 
compare the first two data points of 
Rat No. 24, the initial measured prior 
to restraint, the second following in- , 
sertion of the animal within the re
straint apparatus but 30 seconds prior 
to the first period of irradiation. An 
increment of nearly f.5 °C was ob
served. Similarly, unrestrained Rat 
No. 70 began ·to struggle in the 
gloved hand of an investigator during 
its initial temperature measurement, 
the reading approaching 39.5° after 
it had initially appeared to stabilize 
near 3 7 .5 °. The implication of these 
data is that the thermal response of 
an experimentally manipulated animal 

is highly idiosyncratic and that at
tempts to index capture of microwave 
energy by the thermal response of in
dividual animals, particularly under 
conditions of restraint, would be high
ly susceptible to contamination. 

Discussion 

Considered in sum, our evaluatiye 
data suggest that the domestic micro
wave oven can be modified to provide 
the stable and controllable levels of 
microwave · energy required for be
havioral and biological research on 
small animals. We have not attempted 
to modify domestic units of more re
cent vintage than the Tappan R3L, 
but see no reason why any currently 
marketed microwave oven with elec
trodynamic focusing couldn't be sim
ilarly modified. One problem that may 
be encountered with ovens of differ
ing cavity dimensions and configura
tions is inefficient modal stirring. A 
colleague, Dr. Joseph C. Sharp of the 
Walter Reed Institute of Research, 
recently encountered severe disconti
nuities of microwave energy in a 
multi-mode cavity designed for indus
trial and laboratory use, even when 
the modal stirrer of original design 
was operating. We photographed the 
stirrer in our R3L unit for Dr. Sharp, 
who then had one of similar config
uration fabricated and installed in his 
multi-mode cavity. The discontinuities 
of power were largely eliminated. An
other possible problem is selective 
radiant· heating of one of the surfaces 
to the exposure cavity, e.g., a high 
wattage incandescent lamp, or a hot 
magnetron being situated too close to 
the walls of a cavity. It is as import
ant to maintant stable ambient tem
peratures in the cavity as to insure 
stable levels of microwave energy
lack of control of environmental vari
ables affecting heat loss could seri
ously confound the total thermal load-
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ing of an animal. Problems of accur
ately calibrating available power by 
calorimetric measurements of phan
tom loads will also be encountered 
unless the water or aqueous solution 
constituting the load is well agitated, 
stirred, or fitted with a low-mass tem
perature-sensor geometrically situated 
at the thermal mean of the water. ·We 
have devised threaded Plexiglass and 
Pyrex rods that attach quickly to the 
hub of the modal stirrer, the lower 
end of a rod being shaped for stirring 
or fitted with an eccentric cam by 
which to agitate a polyfoam vessel 
located in the exposure cavity. All 
three of these methods-stirring, agi
tation, and mid-point thermal sensing 
-can be accomplished while the 
phantom load is being irradiated in 
the cavity, and the latter two in com
bination are especially useful in mini
mizing heat loss when high levels of 
energy are used and a large T 6. is 
expected. 

Many microwave ovens are sup
plied with Calrod heating elements; 
their possible interactions with dis
tribution of energy in a multi-mode 
cavity are unknown by us as we re- · 
moved the R3L's Calrod heater be
fore the evaluative studies were un
dertaken. Removal of a heating ele
ment does leave holes in the cavity 
that should be carefully filled by a 
conductive material to prevent loss 
of energy from the cavity. Similarly, 
the seal around the cavity door should 
be checked at frequent intervals to 
insure its electrical integrity. 

A final cautionary statement is 
aimed at investigators who would at
tempt to fashion a laboratory device 
along the lines of our modified Tap
pan R3L unit; the stability and con
trollability of the final product will be 
conditioned by the functional limita
tions of ancillary hardware through 
which excitation of the focusing coil 
and the anode of the magnetron is 

accornplished. The current-stabilized 
supply of voltage for the focusing coil 
is particularly critical and even well 
designed units are inclined to drift 
until adequate warmup is achieved. 
Before irradiating animal targets, we 
always allow the microwave instru
mentation a minimum of 60 minutes' 

' warm up time, including 5 to 10 min
utes of operating the magnetron. 

Concluding Comment 

We wish to discuss briefly other
and seemingly less expensive-means 
of reducing energy in multi-mode cav
ities (i.e., by heat sinking with col
lateral loads of water). Even at 2450 
MHz, water has a high relative di
electric constant (Er) and electrically 
salient loads of water, if irradiated 
in open-space, would scatter much in
cident energy. In the multi-mode cav
ity, reflected energy has a high proba
bility of secondary incidence and thus 
the high ratio of scattering associated 
with a high Er is effectively dimin
ished. a factor that underlies the ef
ficiency with which an aqueous load 
absorbs microwave energy. Constancy 
of absorption is predided, however, 
upon single loads or ;_ set of loads 
which is homogeneous with respect 
to water content, conductivity, and Er, 

A 300 ml phantom load of water and 
an equal volume of, say, 50% di
oxane in water, would not capture the 
same amount of energy when simul
taneously irradiated in a multi-mode 
cavity. The water-dioxane load be
cause of its lower Er, would scatter 
less and absorb more energy of prim
ary incidence. Similarly, an animal 
placed in the cavity with an auxiliary 
load of pure water will capture more 
energy per unit of volume because 
its net Er is lower. The only antidotes 
to the disproportionate capture of 
energy would be constant monitoring 
of temperature of the biological tar-

•. 
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get and cooling of the auxiliary load 
to prevent rises of ambient tempera
ture. Even with these provisions, the 
amount of microwave energy cap
tured by the target could not be de
termined directly, but would have to 
be estimated from difference-calori
metry. The advantages of electronic 
control of available power, particu
larly for the investigator who wishes 
to study physically unrestrained ani
mals, which are· not encumbered by 
heat-sinking apparatus in the exposure 
cavity, more than offset the addi
tional cost of regulated power sup
plies and precision measuring devices 
by which to control and monitor avail
able power. Our modified R3L is not 
a design engineer's dream (functional, 
yes; esthetic, no!), but it contains the 
basic provisions by which any one of 
several manufacturers could quickly 
turn out an elegant tool with a diver
sity of investigative applications. 
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